Introduction

Familial neurohypophyseal diabetes insipidus (FNDI)
is an autosomal dominant disorder caused by a deficiency of the antidiuretic hormone arginine vasopressin (AVP) (1) . Symptoms of diabetes insipidus, such as polyuria, polydipsia, and thirst, usually manifest several months or years after birth. A limited number of autopsy studies have reported a paucity of AVP-producing neurons in the hypothalamus of patients with FNDI (2) (3) (4) (5) , leading to the hypothesis that progressive degeneration of AVP-producing cells might be involved in the pathogenesis of the disease.
The AVP precursor (preproAVP) is synthesized in magnocellular neurons of the hypothalamus and is converted to proAVP by the removal of the signal peptide and the addition of carbohydrate side chains within the ER. After trafficking to the Golgi apparatus, precursors are further glycosylated and packaged into dense core granules. Subsequent proteolytic processing during axonal transport to the posterior pituitary results in the generation of AVP, neurophysin II (NPII), and glycoprotein, all of which are stored within neurosecretory vesicles in the nerve terminals and released into the blood in response to osmotic stimuli (6) . AVP then binds to the V2-type receptors in the kidney and controls serum osmolality by reducing renal water excretion.
In patients with FNDI, a number of distinct mutations have been found in the AVP gene (7) that encodes the AVP precursor . Most of the mutations occur within the signal peptide and the NPII domain (35) . Among the signal peptide mutations, a substitution of threonine for alanine at the -1 position [A(-1)T] has been reported in several different ethnic groups (10, 12, 13, 24) . In the NPII domain, a number of different mutations have been identified, including missense mutations, nonsense mutations, and a single amino acid deletion. For the most part, genotype-phenotype correlations are not apparent, and most mutations lead to a similar clinical presentation, although there is some variation even within the same family. An exception, however, is the A(-1)T signal peptide mutation, which is frequently associated with delayed-onset or milder DI (35) .
Because FNDI is a dominant disorder in which one allele is normal, it has been suggested that the mutant
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protein leads to AVP deficiency either by interfering directly with processing of the normal protein or by causing cellular toxicity, or both. In vitro experiments have been used to investigate the processing and cellular effects of transfected AVP mutants (36) (37) (38) (39) . Mutant AVP precursors are retained in the ER, leading to altered protein processing (36) (37) (38) (39) and cell toxicity (36) . In addition, when WT and mutant AVP precursors are coexpressed, the mutant protein impairs the trafficking of WT precursors by forming dimers, suggesting a classic dominant negative mechanism (40) . These two mechanisms -ER retention and cytotoxicity and formation of mutant/WT complexes -are not mutually exclusive, and together might explain the delayed onset of the disease and the fact that DI occurs despite the presence of a normal allele.
Because studies of pathogenesis are limited in humans, we sought to develop a murine model to analyze the function of AVP-producing neurons in FNDI. We used a targeted gene knock-in (KI) approach rather than transgenic expression of the Avp gene, reasoning that gene dosage and normal regulation of the endogenous gene might be important variables in disease pathogenesis. Two KI models were created, each harboring a different point mutation reported in humans. The first mutation is the A(-1)T signal peptide mutation, which causes inefficient cleavage of the signal peptide by signal peptidase (10) and a relatively mild phenotype in humans (35) . The other mutation is a C67X nonsense mutation that produces an AVP precursor truncated within the NPII domain (15) . The expression of this nonsense mutation in cultured cells resulted in lower viability than for cells expressing other types of mutations (36) . The heterozygous C67X KI mice develop worsening DI with age and progressive, selective loss of AVP-producing neurons.
Methods
Gene targeting. AVP KI mice were generated by homologous recombination in R1 embryonic stem cells (41) . Using a mouse AVP cDNA as a probe, λ phage clones containing mouse Avp and oxytocin (Oxt) genes were isolated from the λFIXII-129SvJ genomic library (Stratagene, La Jolla, California, USA). Targeting vectors for the A(-1)T signal peptide mutation and the C67X nonsense mutation were constructed using 7.6-and 12.3-kb genomic DNA fragments, respectively (Figure 1a) . The A(-1)T and C67X mutations were introduced by overlapping PCR, creating ScaI and NheI restriction sites, respectively: codons TCC(S)/GCC(A) were changed to AGT(S)ACT(T) and codons CGC(R)/TGC(C)/GCC(A) were changed to CGC(R)/TAG(X)/CCC. For selection, a thymidine kinase cassette and a neomycin cassette flanked by loxP sites were introduced. The linearized targeting vector (40 µg) was electroporated into approximately 8 × 10 6 R1 embryonic stem cells (41) , and cells were cultured in the presence of 300 µg/ml G418 (Invitrogen Corp., Gaithersburg, Maryland, USA) and 2 µM ganciclovir (Hoffman-La Roche Inc., Nutley, New Jersey, USA). Homologous recombination was confirmed by both Southern blot and PCR analyses. Seven of 17 clones positive for homologous recombination for the A(-1)T mutation and 17 of more than 100 clones positive for the C67X mutation were then karyotyped to Southern blot analysis. XbaI-and ScaI-digested genomic DNA was hybridized with a 1,214-bp probe (HindIII-EcoRI DNA fragment), labeling a 2,375-bp XbaI-digested DNA for the normal allele and 1,507-bp (XbaI-ScaI) and 404-bp (ScaI-XbaI*) fragments for the A(-1)T mutant allele. Digestion with EcoRI and NheI and hybridization with a 912-bp probe (XbaI-AccI DNA fragment) labeled a 4,578-bp EcoRI-digested DNA for the normal allele and 978-bp (EcoRINheI) and 3,600-bp (NheI-EcoRI) DNAs for the C67X mutant allele. (c) RT-PCR analysis for the detection of WT and mutant Avp transcripts in the hypothalamus. A 366-bp cDNA spanning the A(-1)T mutation was amplified using forward and reverse primers located within exon 1 and exon 2, respectively. Restriction digestion with ScaI generated a 366-bp band from the normal allele and 265-and 101-bp fragments from the mutant allele. DNA spanning the C67X mutation (267 bp) was amplified by the use of forward (exon 2) and reverse (exon 3) primers. NheI digestion gave rise to 163-and 104-bp fragments derived from the mutant allele.
ensure normal chromosomal composition. Blastocyst injection was performed at the Children's Memorial Institute for Education and Research transgenic core (Chicago, Illinois, USA) using two embryonic stem cell clones for each of the mutations. All procedures involving animals were approved by the Northwestern University Animal Care and Use Committee.
Southern blot analysis. A HindIII-EcoRI DNA fragment (1,214 bp) spanning exon 1 of the mouse Avp gene and an XbaI-AccI fragment (912 bp) spanning exons 2 and 3 were used as probes for screening embryonic stem cells and the progeny of chimeric mice harboring the A(-1)T and C67X mutations, respectively ( Figure 1a ). Total genomic DNA purified from tail fragments was digested with XbaI and ScaI for the A(-1)T mutant, and with EcoRI and NheI for the C67X mutant. Digests were separated on a 0.8% agarose gel and transferred onto a Nytran membrane using the TurboBlotter rapid downward transfer system (Schleicher & Schuell BioScience GmbH, Dassel, Germany). After UV crosslinking, the membrane was blocked and hybridized with 32 P-labeled probes in Rapid-hyb buffer (Amersham Biosciences, Buckinghamshire, England) according to the manufacturer's instructions. The blots were then washed three times and exposed to film.
RNA preparation and RT-PCR. Mouse brains were dissected and frozen rapidly. Total RNA was extracted from the tissue block containing the hypothalamus using TRIzol reagent (Invitrogen Corp.) per the manufacturer's protocol. Extracted RNA was treated with DNase I (Promega Corp., Madison, Wisconsin, USA), reverse transcribed using AMV reverse transcriptase (Promega Corp.), and annealed to random hexamer primers. The RT reaction product was subjected to PCR amplification with Taq polymerase (Promega Corp.) in the presence of a trace amount of 32 P-labeled dCTP using the following protocol: 94°C for 4 minutes; 37 cycles of 1 minute at 94°C, 1 minute at 55°C, and 1.5 minutes at 72°C; and 10 minutes at 72°C. Primers used to generate a DNA fragment spanning the mutation site were: 5′-ACAGTGCCCACCTAT-GCTCGCCAGGATGCT-3′ and 5′-CGTCGCTGCAGCAGAT-GCCACGGCGG-3′ for the A(-1)T mutation and 5′-TGGCGTTGCTTGGCTCCCGAGCGCGGGTGA-3′ and 5′-GCGGCCCGGGCGGCAAAGGACGCTGCTTCG-3′ for the C67X mutation. After electrophoresis on a 2% agarose gel, PCR products were cut out of the gel and DNA was extracted using the Gel Extraction Kit from Qiagen Inc. (Valencia, California, USA). The purified DNA was digested with ScaI for the A(-1)T mutation or NheI for the C67X mutation. The digested and undigested DNA was then run on an 8% polyacrylamide gel. After drying, the gel was exposed to a BAS-III imaging plate (Fuji Photo Film Co., Tokyo, Japan) and analyzed with a Storm 860 PhosphorImager and ImageQuant software (Amersham Biosciences).
Metabolic studies. Metabolic cages (Nalge Nunc International, Rochester, New York, USA) were used to collect urine from mice. Urine was collected for 24 hours following a habituation period of at least 24 hours. Water intake was measured by weighing the water bottles before and after this period. Urine volume was determined gravimetrically, after which it was stored at -20°C. Urine osmolality was measured with a microosmometer (model 3300; Advanced Instruments Inc., Norwood, Massachusetts, USA).
Serum AVP assay. Trunk blood was collected and serum was isolated by centrifugation for 15 minutes at 11,750 g at 4°C. AVP was extracted from the serum using C18 Amprep Minicolumns (Amersham Biosciences) and assayed by ELISA per the manufacturer's instructions (Assay Designs Inc., Ann Arbor, Michigan, USA). Data were collected and analyzed with an Emax Microplate Reader and Softmax Pro 2.1 software (Molecular Devices Corp., Sunnyvale, California, USA).
Immunohistochemistry. Brains were fixed for 24 hours in 10% neutral buffered formalin at 4°C. Paraffin embedding and sectioning (to 5 µm thickness) was performed by the Pathology Core Facility at Northwestern Memorial Hospital (Chicago, Illinois, USA). Sections were deparaffinized and hydrated with xylenes and a graded series of alcohols, and then washed and permeabilized with TBS/0.025% Tween-20 (Sigma-Aldrich, St. Louis, Missouri, USA). For costaining of NPII and oxytocin, endogenous peroxidase activity was blocked by incubation of slides in 3% hydrogen peroxide/ methanol. Sections were blocked with 5% normal horse serum (Vector Laboratories Inc., Burlingame, California, USA) and incubated with a goat polyclonal antibody against mouse NPII (1 µg/ml, Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) for 1 hour. Sections were then incubated with biotinylated horse anti-goat IgG (6 µg/ml, Vector Laboratories Inc.) and alkaline phosphatase-conjugated streptavidin (1:500 dilution, Vector Laboratories Inc.) for 10 minutes each, followed by staining using the Alkaline Phosphatase Substrate Kit III (Vector Laboratories Inc.). After being washed with TBS/0.025% Tween-20 and blocked with 5% normal goat serum, sections were incubated with rabbit polyclonal anti-OT (anti-oxytocin) antibody (Oncogene Research Products, San Diego, California) for 1 hour and with goat anti-rabbit IgG (6 µg/ml) and RTU Horseradish Peroxidase Streptavidin (both from Vector Laboratories Inc.) for 10 minutes each. Sections were stained with the DAB Substrate-Chromogen System (DAKO Corp., Carpinteria, California, USA). Neurons that were stained in the paraventricular nucleus (PVN) immediately dorsal to the suprachiasmatic nucleus were counted by a blinded observer using light microscopy at ×200 magnification. Only those neurons having a clearly defined cell body and nucleus were counted. Cell counts were expressed as the ratio of the number of NPII-positive neurons to the number of OT-positive neurons.
For costaining of NPII with BiP (Grp78) or Chop (Gadd153), slides were blocked with normal donkey serum and coincubated with goat anti-NPII and either rabbit anti-Gadd153 (F-168, 1:20; Santa Cruz Biotech-nology Inc.) or rabbit anti-Grp78 (H-129, 1:20; Santa Cruz Biotechnology Inc.) for 2 hours at room temperature. After washing, slides were incubated with Cy3-conjugated donkey anti-goat IgG and FITC-conjugated donkey anti-rabbit IgG (both 1:100; Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA) for 1 hour at room temperature.
For detection of caspase-3, slides were blocked with normal goat serum and incubated with rabbit anticleaved caspase-3 (9661S, 1:100; Westburg BV, Leusden, the Netherlands) for 1 hour at room temperature. After washing, slides were incubated with biotinylated antirabbit IgG. Detection was with RTU Horseradish Peroxidase Streptavidin and DAB as above. For detection of cathepsin D, slides were blocked with normal donkey serum and incubated with goat anti-cathepsin D (sc-6489, 1:100; Santa Cruz Biotechnology Inc.) for 1 hour at room temperature. After washing, slides were incubated with Cy3-conjugated donkey anti-goat IgG.
Results
Generation of Avp KI mice. Mice harboring mutations in the Avp gene were created by homologous recombination using standard techniques and the targeting constructs illustrated in Figure 1a . Chimeric males were bred to WT 129SvJ females and germline transmission was detected by PCR and restriction digestion (data not shown). Animals heterozygous for the mutation and containing the neomycin cassette flanked by loxP sites were bred to transgenic 129SvJ animals expressing Cre recombinase under the control of the cytomegalovirus promoter (42) , and excision of the neomycin cassette was confirmed by PCR using primers flanking the one remaining loxP site (data not shown). For one of two founder lines for each mutation, correct targeting was confirmed by Southern blot analysis (Figure 1b) . For the A(-1)T mutation, the mutant allele introduced a new ScaI site and excision of the neomycin cassette introduced a new XbaI site, resulting in XbaI and ScaI restriction fragments of 1,507 and 404 bp, compared with 2,375 bp for the normal allele. The C67X mutant allele introduced a new NheI site, resulting in EcoRI and NheI restriction fragments of 978 and 3,600 bp DNA, whereas the normal allele produced a 4,578-bp fragment. Subsequent breeding yielded animals containing the mutations but lacking the Cre recombinase. These animals and their litter-matched controls were used in all subsequent studies.
Expression of the mutant Avp genes in the mouse hypothalamus. RT-PCR was performed to assess expression of the Avp transcripts from normal and mutant alleles in the mouse hypothalamus (Figure 1c) . RT-PCR yielded amplification products of 366 and 267 bp for the A(-1)T and C67X lines, respectively. The A(-1)T and C67X normal and mutant alleles could be distinguished in heterozygotes by digesting the amplification products with ScaI and NheI, respectively. ScaI digestion of the PCR products from Avp A(-1)T/+ mice produced a 366-bp band from the normal allele and 265-and 101-bp bands from the mutant allele. NheI digestion of PCR products in Avp C67X/+ mice yielded a 267-bp WT band and 163-bp and 104-bp fragments from the mutant allele. The normal and mutant alleles were expressed at similar levels in both mouse lines.
Avp C67X/C67X mice die soon after birth, whereas Avp A(-1)T/A(-1)T mice are viable. The mutant mice were bred to homozygosity using standard heterozygote crosses. For the A(-1)T mutation, progeny with the expected mendelian ratio of genotypes were obtained. In contrast, crosses of Avp C67X/+ mice produced no homozygotes at weaning age (i.e., 3 weeks) from 12 litters. As an abnormal number of dead 2-to 4-day-old pups were observed in the cages with the live offspring from C67X heterozygote crosses, 1-day-old pups from 11 additional Avp C67X/+ crosses were genotyped. These litters contained 17 WT, 33 heterozygote, and 15 homozygote pups, demonstrating that C67X homozygotes are born at the expected frequency but die soon after birth, likely from dehydration. These data are summarized in Table 1 and Table 2 .
Avp C67X/+ mice, but not Avp A(-1)T/+ or Avp A(-1)T/A(-1)T mice, display altered water intake, urine output, and urine osmolality.
Water intake, urine output, and urine osmolality of mutant mice and litter-matched WT controls were measured to determine whether these mutations caused altered water balance in mice similar to effects seen in humans. No significant differences were observed between homozygous Avp A(-1)T/A(-1)T mice, heterozygous Avp A(-1)T/+ mice, and controls at 12 months of age (Figure 2) . In the case of the C67X mutation, 6-month-old Avp C67X/+ mice consumed significantly more water over a 24-hour period than did WT Avp +/+ controls ( Figure  3a ). Beginning at 1 month of age, heterozygous Avp C67X/+ mice also produced more urine over the course of 24 hours than did their litter-matched Avp +/+ controls; this pathology became progressively worse with age ( Figure  3b ). Two-month-old Avp C67X/+ mice produced four times as much urine as controls, and by age 6 months the difference was nearly tenfold. Conversely, urine osmolality was decreased in 2-month-old Avp C67X/+ mice and Table 1 Absolute and relative numbers of mice bearing the A(-1)T allele 6-month-old Avp C67X/+ mice compared with controls ( Figure 3c ). Thus, like humans with FNDI, Avp C67X/+ mice produce excessive amounts of dilute urine but compensate by increasing water intake. Avp C67X/+ mice exhibit decreased serum AVP concentrations. Serum AVP concentrations were measured at various ages using a specific ELISA to determine whether the metabolic abnormalities seen in the Avp C67X/+ mice could be caused by a reduction in circulating AVP. Three-, 6-, 9-, and 12-month-old Avp C67X/+ mice had lower serum AVP concentrations than did their WT littermates (Figure 4a) . Serum AVP concentrations were also measured in 1-month-old mice after a 24-hour period of water deprivation to study the changes in AVP secretion in response to this strong stimulus for AVP secretion. Following water deprivation, the concentration of serum AVP in Avp C67X/+ mice was only 20% of the level in Avp +/+ mice (Figure 4b) .
Immunohistochemical detection of vasopressinergic neurons in the hypothalamus. Immunohistochemical analysis was performed to determine whether there was loss of AVP neurons in the Avp C67X/+ mice. Hypothalami of 1-, 2-, 6-, and 18-month-old WT and mutant mice were immunostained with polyclonal antibodies against NPII and OT. There was no significant difference between the two groups in the numbers of oxytocinergic neurons in the PVN (Figure 5a , brown stain). In contrast, Avp C67X/+ mice exhibited fewer vasopressinergic neurons than Avp +/+ mice beginning at 2 months of age, with a near-total loss of AVP-expressing neurons by 18 months (Figure 5a , blue stain). Neurons were counted and expressed as a ratio of vasopressinergic to oxytocinergic neurons as a way to normalize between sections. The ratio of vasopressinergic neurons to oxytocinergic neurons in Avp C67X/+ mice was statistically lower than in Avp +/+ mice at 2, 6, and 18 months of age (PVN, Figure 5b) . A similar progressive loss of vasopressinergic neurons was seen in the supraoptic nucleus (Figure 5b ).
In the PVN of Avp +/+ mice, both the cell bodies and a dense network of neuronal projections stained for NPII (Figure 5a ). In contrast, staining of the projections was diminished in the Avp C67X/+ mice at all ages studied (compare upper and lower panels in Figure 5a ). Figure  6 illustrates the entire tract from the PVN to the supraoptic nucleus in young mice. Note that NPII immunostaining in the neuronal projections seen in the Avp +/+ mice is nearly absent in the Avp C67X/+ mice at 1 month after birth, preceding the overt loss of vasopressinergic neuronal cell bodies.
ER stress-associated protein expression in vasopressinergic neurons. Levels of the molecular chaperone BiP (Grp78) and an ER stress-induced transcription factor, Chop (Gadd153), were measured in the PVN by immunohistochemistry. Chop was not detected in either Avp +/+ or Avp C67X/+ mice (Figure 7a ). BiP was also absent in Avp +/+ mice, but was strongly induced in Avp C67X/+ mice (Figure 7b) . Costaining for NPII confirms that BiP-expressing cells are vasopressinergic.
Discussion
In this study, we generated a murine model of FNDI that faithfully replicates several features of the human disorder, including autosomal dominant transmission, delayed onset and progressive worsening of the defect in water retention, and loss of AVP-producing neurons in the hypothalamus. The delayed onset of FNDI has led several groups to speculate that the mutant AVP precursor causes cellular toxicity, leading to eventual loss of AVP-producing neurons (reviewed in ref. 35 ). This hypothesis is supported by in vitro studies showing accumulation of mutant vasopressin precursors in transfected cell lines (36-38, 40, 43) and cytotoxicity of certain mutants (36) . Of note, there is little evidence of apoptosis, suggesting that cell death may occur via other pathways (36) .
The processing of mutant vasopressin has also been examined using metabolic labeling studies (37, 38, 40, 43) . These experiments document persistent endoglycosidase H sensitivity, consistent with prohormone retention in the ER. The ER becomes distended (43) , and immunoreactive protein forms perinuclear punctate complexes rather than diffuse cytoplasmic staining (36) . Coexpression of WT and mutant AVP precursors results in the formation of WT/mutant dimers, and the mutant prohormone delays WT protein processing (40) . Thus, it appears that the mutant vasopressin precursor may exert at least two distinct cellular effects: (a) formation of complexes with the WT precursor protein that impair its processing, and (b) accumulation of misfolded proteins in the ER, causing cellular toxicity by mechanisms that remain to be fully characterized. Because these in vitro experiments involve high-level expression of the mutant protein and occur in dividing cell lines, it is desirable to develop models that more closely mimic conditions in vivo.
Two animal models have been used previously to study central DI. In the Brattleboro rat, a naturally occurring single base deletion in the NPII coding sequence produces AVP precursors with continued translation into the mRNA poly-A tail, leading to a polylysine stretch of amino acids. In these animals, DI is transmitted in an autosomal recessive manner (44) , suggesting that it is caused by an absolute deficiency of AVP. Although mutant precursors are retained within the ER, there is no apparent loss of AVP-producing neurons (45) . The absence of cell death in the Brattleboro rat might be explained by differences in the effects of various mutant proteins or by species differences in the cellular mechanisms for coping with mutant AVP precursors.
Of interest, the same mutant described here (C67X) has been expressed in transgenic rats (46, 47) . In this case, features of DI were manifest only as a small increase in water intake after repeated dehydration (46) . However, there was evidence of retention of mutant precursors in distended ER. In addition, vesicles contained markers of the lysosomal degradation pathway, suggesting autophagy (47) . There was no evidence of cell death in the transgenic rats. Because the same mutant was expressed in this transgenic model and in our KI mice, it is interesting that the mice exhibit features more typical of the human disorder. Although this may be due to species differences between rats and mice, differences in gene dosage also provide a plausible explanation. The transgenic rats retain two normal vasopressin alleles in addition to the transgenic mutant gene, whereas the KI mice possess one normal vasopressin allele and one mutant allele, analogous to the human condition. Our RT-PCR studies document similar expression levels of the WT and mutant alleles, consistent with the fact that AVP expression is driven by the endogenous gene, which remains in its normal chromosomal locus. In view of evidence for interaction of WT and mutant precursor proteins during processing (40) , gene dosage could affect the ratio of mutant-WT complexes. There may also be differences in the physiologic stimuli for vasopressin expression. For example, chronic mild dehydration in the mice would lead to upregulation of vasopressin gene expression, 50% of which is comprised of mutant precursors. Based on in vitro metabolic studies, processing of the mutant precursor is delayed relative to processing of the WT protein (36) . Thus, a relative excess of mutant protein is predicted to accumulate over time.
The phenotypes of the mice with two different FNDI mutations were distinct. In the case of the signal sequence A(-1)T KI mutant, there was no apparent DI Sections from 2-, 6-, and 18-month-old Avp C67X/+ mice showed significantly lower ratios than their littermates (n = 6 animals for each group; three sections were counted for each animal). Data are mean ± SEM. *P < 0.05.
Figure 6
Intracellular localization of the Avp gene products immunoreactive for NPII. In WT animals at both 1 and 2 months of age, immunoreactive NPII (blue, alkaline phosphatase) was present in the neural projections between the hypothalamic PVN and supraoptic nucleus (upper panels). In contrast, staining of immunoreactive NPII is confined to the cell bodies of the 1-and 2-month-old Avp C67X/+ mice (lower panels). Arrows in the inset image in the upper left panel highlight the neural projections in 1-month old animals; the inset in the lower left panel shows an absence of staining outside the cell bodies. This is further illustrated in the insets in the right panels, which contain confocal micrographs from 2-month-old animals. Magnification, ×100; insets, ×400.
phenotype and we did not detect loss of AVP-producing neurons, even in homozygous mice. This mutation gives rise to aberrant preproAVP that is glycosylated but retains the signal peptide as a result of inefficient cleavage. Consistent with the in vivo results, cell lines expressing the A(-1)T mutant were more viable than cells expressing the C67X mutant (36) . In contrast with the A(-1)T mutant, a severe and consistent phenotype was seen in mice carrying the C67X mutation. The more severe phenotype in the C67X mutant is consistent with in vitro studies that show it is the most cytotoxic among several AVP mutants studied (36) . The C67X mutation was lethal in the homozygous state, presumably due to a complete lack of functional AVP. Heterozygotes were more informative, however. Water intake and urine volumes were increased concomitant with decreased urine osmolality and serum AVP. By 6 months of age, the 24-hour urine volume of the C67X mice was about onethird of their body weight. This is not dissimilar from affected children, who may produce several liters of urine each day and must be provided with easy access to fluids to avoid severe dehydration. Like humans, the mice are able to compensate for profound diuresis by drinking copious amounts of water, indicating that their thirst mechanism remains intact.
One of the advantages of developing an animal model of FNDI is the ability to correlate the phenotype with pathological changes in the brain regions that produce AVP. In C67X heterozygotes, the number of AVP-expressing neurons in the PVN of the hypothalamus decreased beginning at 2 months of age. Comparison with OTproducing cells demonstrated that the neuronal cell loss was specific for AVP-producing neurons. The progressive loss of AVP-producing neurons correlated with the worsening features of DI, suggesting gradual cell loss over time.
Apoptosis was not detected using a TUNEL assay or immunohistochemical analyses of apoptosis markers (caspase-3, cathepsin D; data not shown). However, given the small number of vasopressinproducing neurons and the progressive loss of cells over weeks to months, these assays are unlikely to be sensitive enough to detect apoptosis of a small number of neurons. There was no apparent induction of the ER stress protein Chop (48) , which has been reported to be proapoptotic (49, 50) . In contrast, there was marked induction of BiP, a member of the HSP70 family of molecular chaperones. BiP binds avidly to misfolded proteins whose transport from the ER is blocked, and BiP expression is increased as part of the "unfolded protein response" (reviewed in ref. 51 ). Thus, elevated levels of BiP are consistent with the retention of mutant AVP precursors in the ER of C67X mice. It is notable that NPII immunoreactivity was confined to the cell bodies of magnocellular neurons. The absence of staining in the neuronal projections suggests that AVP precursors produced from the normal allele may also be retained within the ER through interaction with mutant precursors (40) . Thus, the vasopressinergic neurons of C67X mice exhibit ER accumulation of vasopressin precursors and induction of the BiP chaperone response. These neurons are selectively lost over several months, presumably the consequence of toxic effects of the mutant proteins. However, the ultimate steps that lead to cell loss remain unknown.
We propose that FNDI can be added to a list of neurodegenerative disorders that includes Alzheimer disease, Parkinson disease, and various CAG-repeat diseases (52) (53) (54) . In the case of FNDI, the combination of in vitro and in vivo models suggests cellular dysfunction by several different mechanisms, including dominant negative activity by interactions of mutant and WT precursors, accumulation of mutant precursors in the ER leading to stress protein responses and autophagy, and cellular toxicity by pathways that remain incompletely defined. Ultimately, the loss of AVP-producing neurons depletes AVP production below a level where compensatory responses can prevent DI. Because the C67X KI mouse faithfully replicates many features of FNDI, it provides a useful model for studying the specific molecular and cellular mechanisms responsible for the pathology seen in FNDI, with potential implications for other neurodegenerative diseases.
